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ABSTRACT
The soft excess seen in many AGN is most probably due to partially ionized
material moving at relativistic speeds close to the black hole. There are currently two
potential geometries for this material, one where it is out of the line of sight, seen
via reflection, e.g. the accretion disc, the other where it is in the line of sight, seen in
absorption e.g. a wind above the disc. Both models require apparent fine tuning of the
ionization parameter of this material in order to produce the large jump in opacity at
∼ 0.7 keV associated with OVII/VIII, as required to make the soft excess. However,
Chevalier et al (2006) show that these states rather naturally dominate the absorption
spectrum for soft X-ray spectra if the illuminated material is (at least approximately)
in pressure balance. Here we explore whether hydrostatic pressure equilibrium in a disc
can likewise naturally select the required ionization states in reflection. We find the
opposite. The soft excess X-ray excess is much weaker in the hydrostatic models than
it is in the constant density models. Since even the constant density models cannot
fit the largest soft excesses seen without the intrinsic continuum being hidden from
view, this means that reflection from a hydrostatic disc cannot realistically match the
data. Even if the disc structure is instead more like a constant density atmosphere, the
required fine–tuning of the ionization parameter still remains a problem for reflection
models.
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1 INTRODUCTION
The X-ray spectra of Active Galactic Nuclei commonly show
a ’soft excess’, a smoothly rising increase in emission below
1 keV (e.g. Porquet et al 2004). This is unlikely to represent
a true continuum component as it has a remarkably fixed
’temperature’ of ∼ 0.2 keV in all high mass accretion rate
AGN despite a wide range in black hole mass from 106−9M⊙
(Czerny et al 2003; Gierlinski & Done 2004, hereafter GD04;
Crummy et al 2006). Instead, a fixed energy for the emer-
gence of this component is easier to produce in atomic rather
than continuum processes. In particular, there is a strong
jump in opacity at ∼ 0.7 keV from partially ionized mate-
rial, where OVII/OVIII (and the Fe M shell UTA) combine
to produce much more absorption above this energy than
below. However, the observed soft excess is smooth, with
no discernible strong characteristic edge and line features
expected from atomic processes. Thus if this is the origin
of the soft excess, the partially ionized material must have
strong velocity gradients so that Doppler shifts smear these
out.
There are two ways in which such partial ionisation
could produce a soft excess, either with optically thick ma-
terial seen in reflection or optically thin material seen in
absorption. These lead to two different geometries for the
material: a disc out of the line of sight for reflection, and
material above the disc in the line of sight for absorption.
A reflection geometry sets limits on the size of the soft
X-ray excess to only a factor 2 above the extrapolation of the
higher energy spectrum (assuming an isotropic source above
a smooth disc surface) as the maximum reflected flux is set
by the level of the illuminating flux. However, some sources
(predominantly Narrow Line Seyfert 1’s) are observed to
have soft excesses which are much stronger than this, lead-
ing to the requirement for anisotropic illumination and/or
a corrugated disc surface which hides most of the intrinsic
flux from sight (Fabian et al 2002; Ballantyne, Turner &
Blaes 2004; Fabian et al 2005; Merloni et al 2006). An al-
ternative way to implement this is via a ’lamppost’ source
geometry, where the height of the source above the black
hole is rather small. Light bending then preferentially illu-
minates the inner disc, giving strong velocity smearing and
enhancing the reflected fraction (Fabian et al 2004; Miniutti
& Fabian 2004; Crummy et al 2006).
The alternative absorption geometry can equally well
produce an apparent soft excess which can fit the XMM–
Newton spectra (GD04; Chevallier et al 2006; Sobolewska
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& Done 2007; Schurch & Done 2006) and variability (Gier-
linski & Done 2006; Ponti et al 2006). However, here there
is no clear limit on the size of the soft excess, so no spe-
cial geometry is required to produce a large fraction of soft
flux above the extrapolation of the higher energy spectrum
(Sobolewska & Done 2007).
Both atomic models for the origin of the soft X-ray ex-
cess require the same basic ionization conditions i.e. par-
tially ionised Oxygen to produce the big jump in opacity
at 0.7 keV (equivalently log ξ ∼ 3 where ξ = L/nr2 is the
photoionisation parameter) and large (relativistic) velocity
smearing (but see Pounds & Reeves 2007). The large ve-
locity smearing is naturally produced in both models if the
material is close to the black hole, but the requirement on
the ionization state appears arbitrary. However, Chevallier
et al (2006) show that this may arise rather naturally in
an absorption geometry if the material is in some sort of
pressure balance. This is linked to the ionization instability
which results from X-ray illumination, where the material
makes a very rapid switch between almost completely ion-
ized to almost completely neutral (Krolik, McKee & Tarter
1981, hereafter KMT81). This transition may disrupt the
absorbing cloud beyond this point, so that the neutral ma-
terial is strongly clumped. A line of sight though the cloud
includes only the highly ionized front edge (invisible) and
the partially ionized transition region, which has an aver-
age value of log ξ = 2.5 − 3 across a region with column of
∼ 1022−23 cm−2 (Chevallier et al 2006).
The true instability is only present for hard illuminat-
ing spectra (KMT81). However, the rapid transition through
the partially ionized zone is generic, so even soft illuminat-
ing spectra such as those that are more typical of NLS1’s
(Brandt et al 1997) produce the required absorption prop-
erties (Chevallier et al 2006).
Here we investigate this fine-tuning in the reflection
model, to see if the constraints of hydrostatic pressure bal-
ance in the disc can likewise lead to a rather natural selection
of this ionisation state. We find instead the converse. The
rapid transition due to the ionization instability generically
limits the partially ionised zone to a small range in opti-
cal depth (NH ∼ 10
22−23 cm−2 corresponds to ∆τ < 0.1)
so it cannot dominate over the entire reflecting photosphere
of τ ∼ 0–1 (Nayakshin, Kazanas & Kallman 2000 hereafter
NKK00, Nayakshin & Kallman 2001 hereafter NK01; Bal-
lantyne, Ross & Fabian 2001; Rozanska et al 2002). Either
the disc is very far from hydrostatic equilibrium, or the soft
excess is not from reflection from the disc.
2 REFLECTION FROM DISKS IN
HYDROSTATIC EQUILIBRIUM
The vertical density structure of an X-ray illuminated disc
in hydrostatic equilibrium is rather complex. External X-ray
illumination heats the top layer of the to the Compton tem-
perature (Compton heating balanced by Compton cooling).
This temperature is higher then the initial disc photosphere
so it expands, becoming less dense and so the photoioni-
sation parameter, ξ = L/nr2, is large, and the material is
highly ionized. Further down in the disc the pressure nec-
essarily increases if the disc is in hydrostatic equilibrium.
The illumination is slightly weaker due to scattering in the
upper layer so the pressure increase can only be produced
by increasing the density, which increases the importance of
bremsstrahlung cooling (∝ n2 whereas the Compton heat-
ing and cooling ∝ n). Stronger cooling and weaker heating
means that the equilibrium temperature falls with depth,
so the density increases, and the photoionisation parameter
drops. Eventually this means that not all species are com-
pletely stripped and bound electrons give rise to a dramatic
increase in cooling due to recombination lines, so to a corre-
spondingly rapid increase in density decrease in photoionisa-
tion parameter. This thermal runaway only stops when the
ions are mostly neutral, stopping the dramatic increase in
new cooling transitions available, since the ion states cannot
decrease below the ground state (NKK00).
The sudden increase in cooling efficiency at the onset
of line transitions happens exactly at the range of ion states
which are required for the soft X-ray excess i.e. OVIII/OVII.
To produce the soft excess from reflection requires that these
ion states predominate over the photosphere of the disc, i.e.
that these extend over τ = 0–1. Yet the rapid transition
means that these states only occupy a small range in τ . In
the limit of very hard illuminating spectra, the transition is
a true instability, with widely differing ion states co–existing
at the same pressure (KMT81), though thermal conduction
smooths this out into a rapid transition in a disc (∆τ ∼ 10−3
see Appendix A of NKK00). However, for softer X-ray illu-
minating spectra this is no longer a true instability. The
transition is still rapid, but these partially ionized states
may extend over a somewhat larger range of ∆τ . Given that
the soft excess appear strongest in the Narrow Line Seyfert
1 Galaxies (NLS1), which generally have steep X-ray spectra
and strong intrinsic disc emission (e.g. Czerny et al. 2003),
it is clearly important to investigate the nature of the insta-
bility under these conditions.
3 HYDROSTATIC BALANCE MODELS WITH
STEEP X-RAY ILLUMINATION
We use the code of NKK00 to calculate the self-consistent
structure of an X-ray illuminated, hydrostatic disc described
by the standard Shakura & Sunyaev (1973) α prescription
for the viscous stresses trφ = αPtot where Ptot = Pgas+Prad
is the total (gas plus radiation) pressure. This code makes
a number of simplifying assumptions, such as setting the
effective temperature as a lower limit and calculating line
transfer via an escape probability (see Rozanska et al 2002;
Dumont et al 2003). However, it gives similar results in gen-
eral (though not in detail) to the two other codes which can
handle this problem using different assumptions (see Pequig-
not et al 2001, Rozanska et al 2002). We take parameters
corresponding to NLS1 galaxies i.e. a steep illuminating X-
ray spectrum with Γ = 2.3−2.7 (with an exponential rollover
at 150 keV) and strong intrinsic disk flux, Fx/Fdisc ≤ 1.
Fig. 1a shows a sequence of reflected spectra at 10Rs
calculated with Fx/Fdisc = 1. The three curves are plot-
ted for the dimensionless accretion rates of m˙ = L/LEdd =
0.3, 0.03 and 0.003, from top to bottom. There is simply no
soft X-ray excess in the reflected spectrum at the highest
accretion rate (blue), which is the one which should be most
applicable to luminous AGN such as Narrow Line Seyferts.
However, the effective viscosity in radiation pressure domi-
c© 2003 RAS, MNRAS 000, 1–5
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Figure 1. a) νfν spectra for (bottom to top) m˙ =0.003 (red dashed), 0.03 (green, dot dashed) and 0.3 (blue, dotted) with FX/Fdisc = 1.
None of these have strong soft excesses. b) shows the vertical temperature structure for each model. The rapid drop in temperature
marks the onset of line cooling and a rapid rise in density. c) shows the corresponding photoionisation structure. Very little of the disc
photosphere can sit at ξ ∼ 103 as this marks the beginning of the rapid transition.
Figure 2. As for Fig. 1 but with FX/Fdisc = 0.1 for m˙ =0.003 (red) and 0.3 (blue) compared to a constant density model with ξ = 10
3
(magenta, solid). The soft excess is much more marked in the constant density spectrum as this has ξ = 103 over the majority of the
photosphere of the disc.
nated discs is not well understood. The stresses could instead
scale more like α
√
PgasPrad (Merloni 2003), making the disc
denser for a given m˙. The effect of this is similar to simply
reducing m˙ in our standard Shakura–Sunyaev disc, but the
two models with smaller accretion rates have soft excesses
that are only marginally larger than that for m˙ = 0.3. None
of these models produce a strong soft excess in reflection.
Fig. 1b shows the temperature structure as a function of
vertical optical depth for each of these accretion rates, while
Fig. 1c shows the corresponding estimate for the photoioni-
sation parameter from illumination ξ(τ ) = 4piFx exp(−τ )/n,
where the factor exp(−τ ) approximates the loss of illumi-
nating flux by scattering in the upper layers (appropriate as
these layers are highly ionized), and the diffuse emission is
ignored. Fig. 1c shows immediately why the soft excess is
so weak. Firstly, the ionization parameter should be around
ξ ∼ 103 to produce the highly but not completely ionized
species of Oxygen (Sobolewska & Done 2007). In our models
this parameter space occurs over too narrow a region in the
optical depth, just before the temperature drop due to ther-
mal instability. Secondly, on the top of that layer, there is
a skin of even more highly ionized material, where Oxygen
is completely stripped. Reflection (and emission) from this
layer “fills in” the gap in the 0.7–3 keV energy band. As a
result, the soft X-ray emission does not stand out as a well
defined rise in the reflected spectrum.
4 COMPARISON WITH CONSTANT
DENSITY MODELS
The diluting effect of the highly ionized, upper layer can
be removed by decreasing the size of this layer. This can
be done by reducing the strength of the illuminating flux
(NKK00; NK01). Fig. 2 shows results for two further hydro-
static balance models with m˙ = 0.003 (red) and 0.3 (blue) as
in Fig. 1, but now with Fx/Fdisc = 0.1. The corresponding
temperature and ionisation structures for these are shown in
Fig. 2b and c. These show that the lower illumination can
indeed remove the highly ionized upper layer for the lowest
mass accretion rate, producing a moderate soft excess (Fig.
2a). However, Fig. 2 also shows results from the code run
without hydrostatic balance i.e. in constant density mode
(magenta) for log ξ0 = log(4piFx/n) = 3. In order to com-
pare with the results of Ross & Fabian (2005) we calculate
all constant density models in the limit of negligible intrinsic
disc flux. The constant density model with log ξ = 3 is much
c© 2003 RAS, MNRAS 000, 1–5
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more efficient at producing the soft excess than any of the
hydrostatic models.
Fig 2b shows that the constant density run has a very
similar temperature profile to that of the hydrostatic disc
model with m˙ = 0.3, with an extended region at the Comp-
ton temperature of 100-200 eV. However, theier reflected
emission is radically different (Fig 2a). Fig 2c shows that
this is because the constant density model has ξ ∼ 103 over
the entire photosphere, from τ = 0 to 1, while the high mass
accretion rate hydrostatic disc only has a small region with
this critical ionization parameter, and this region is buried
beneath a a thick, highly ionized layer which dilutes the
small soft excess produced in the region with ξ = 103.
In summary, the ionization parameter is not an inde-
pendent variable in a hydrostatic disc. It cannot be set ex-
ternally as the disc vertical structure responds to the illumi-
nating flux. The partially ionized zone with ξ ∼ 103 is near
the region where the ionisation state changes rapidly (see
Figs. 1c and 2c). Thus this can only ever be characteristic
of a small portion of the disc photosphere, as opposed to
the constant density models. The small soft excess in the
constant density models can be further suppressed by being
buried beneath a more highly ionized skin, so soft excesses
produced by hydrostatic discs are always much smaller than
those predicted by constant density calculations.
5 DEPENDENCE OF RESULTS ON
SPECTRAL INDEX
Here we explore the sensitivity of the soft excess to the con-
tinuum shape, comparing the previous results for Γ = 2.3
with steeper photon indices of Γ = 2.5 and Γ = 2.7. We fix
Fx/Fdisc = 1 and calculate results for m˙ = 0.003 and 0.3.
We parameterize the strength of the soft excess follow-
ing Sobolewska & Done (2007) by convolving the reflected
emission with the relativistic smearing expected from an ex-
treme Kerr disc (the laor profile: Laor 1991). This smooths
out individual emission features and makes soft X-ray fea-
tures appear as a continuum. The 3–8 keV reflected spec-
trum is then fit to a power law. Extrapolating this spectrum
down to lower energies, we define the soft excess strength,
SX, as the ratio between the smeared reflected emission and
the extrapolated power law at 0.5 keV.
The open symbols in Fig 3 show the soft excess strength
for each of these hydrostatic disc models, both for the to-
tal (incident+reflected) emission expected from an isotropic
source (upper panel) and for the reflected spectrum alone
(lower panel). Soft excesses in these are always small, not
exceeding even a factor of 1.5 at 0.5 keV for isotropic emis-
sion. This is in stark contrast to the constant density models
calculated from our code with ξ = 103 (filled magenta sym-
bols), which show much larger soft excesses, close to the
theoretical maximum of a factor ∼ 2 for isotropic illumina-
tion. We note that the reflected emission produced by our
constant density model is very similar to that of the publi-
cally available models of Ross & Fabian (2005) for Γ ≤ 2.3,
but their code gives a progressively stronger soft excess for
steeper illuminating spectra (see Fig 3), which may be due
to their neglect of low ionization species. However, this is
probably not important for most AGN as the spectral fits
of Crummy et al (2006) generally have Γ ≤ 2.3.
Figure 3. The soft excess, SX, defined as the ratio between the
extrapolated power law fit from 3–8 keV to the model at 0.5 keV.
The top panel shows this for isotropic illumination of a flat disc,
while the lower panel shows this for the reflected emission only.
The results from a hydrostatic disc with Fx/Fdisc = 1 are shown
as open symbols, with red squares and blue triangles for m˙ =
0.003 and 0.3, respectively. The filled symbols are the constant
density models with ξ = 103, with magenta stars and cyan circles
showing results calculated in this paper and in Ross & Fabian
(2005), respectively.
6 DISCUSSION
Both reflection and absorption are expected to be present
in the spectrum at some level, and both of these are easier
to identify where the velocity width is small. There is in-
creasing evidence for absorption systems with the relativis-
tic velocities required here (e.g. Pounds & Page 2006) but
these are narrow. The relativistic broadening (as opposed
to blueshift of narrow features) required in both soft excess
models makes it harder to unambiguously identify charac-
teristic atomic features in reflection or absorption, and ad-
ditional physical constraints become important in assessing
their origin.
The strongest reflected soft excesses are from constant
density models with ξ ∼ 103. Even these cannot match
the strongest soft excesses observed with isotropic illumina-
tion, hence the requirement for reflection dominated emis-
sion (Fabian et al 2002). The much smaller soft excesses pro-
duced in the hydrostatic disc models mean that these simply
cannot match the largest soft excesses observed in the data,
even with a completely reflection dominated geometry.
Thus the disc cannot be in hydrostatic equilibrium if the
soft excess is made via reflection. However, it is clear that
hydrostatic equilibrium is not always appropriate. Magnetic
flares with Fx/Fdisc ≫ 1 irradiate the local patch of the disc
underneath the flare, causing it to expand sideways as well as
vertically. Some of the disc material escapes out from under-
neath the flare, reducing the optical depth of the skin from
that expected in hydrostatic equilibrium (NKK00, Done &
Nayakshin 2001, Czerny & Goosmann 2004).
Such effects are not expected in the more uniform disc
illumination produced in a lamppost model. The entire disc
is illuminated, so there is no unilluminated sector into which
the material can escape. Nonetheless, the hydrostatic equi-
librium condition can still be inappropriate. Firstly, and
c© 2003 RAS, MNRAS 000, 1–5
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most fundamentally, the disc may have a substantial mag-
netic support, changing the whole behaviour of the illumi-
nated disc (Blaes et al 2006). Secondly, even without mag-
netic fields, hydrostatic balance is disrupted if the disc pro-
duces a wind from the region in which the X–ray reflection
spectrum is formed. The quantitative effect of the wind on
the vertical disc structure depends on the detailed nature of
the wind which is not currently well understood. Nonethe-
less, mass loss from the disc has the generic effect of driving
the X–ray illuminated disc more towards a constant density
structure. Thus a powerful wind, such as required by the
absorption model of the soft excess, may also modify the
disc vertical structure so that it can also produce more of
a reflected soft excess. Nonetheless, the fine–tuning problem
still remains, as there is no obvious physical reason for a
magnetically or wind dominated disc to prefer ξ = 103.
7 CONCLUSIONS
In this paper we explored the disc reflection origin for the
soft X-ray excess in AGN, using the additional constraint of
the hydrostatic balance on the structure of the illuminated
disc atmosphere. As is well known, material illuminated by
X-rays and in pressure balance is subject to the ionisation
instability (KMT81). We find that, due to this instability,
there is a rapid transition through the partially ionized zone
that is required to produce the soft excess below ∼ 1 keV.
The small optical depth of this zone, plus the presence of
completely ionized material above it mean that the hydro-
static balance models cannot match the largest soft excesses
seen, even in a reflection dominated geometry where all of
the illuminating continuum is hidden from the line of sight.
Constant density reflection models can have the en-
tire photosphere dominated by partially ionized material,
so produce much stronger soft excesses. These can match
the strongest soft excesses seen in a reflection dominated
geometry, but there is currently no way to self-consistently
account for the fine tuning of the ionization parameter.
By contrast, the ionization instability can provide a ro-
bust mechanism to fix the ionization parameter to ξ ∼ 103
in the optically thin absorption model. The temperature and
ionization structure of the front of the absorber is similar to
that in Figs 1b,c and 2b,c so there is an outer skin of com-
pletely ionized material, and then a rapid transition. The
drop in temperature to the more neutral material implies a
rapid density increase at the transition which may fragment
the low ionization part of the cloud into clumps. A line of
sight through the cloud goes through the highly ionized layer
(small opacity), the transition layer (mean log ξ ∼ 3) but is
not likely to intercept any of the opaque cool clumps as these
have low covering factor (Chevallier et al 2006). This sets a
physical mechanism for selecting the partially ionized zone,
which works even if the material is not in complete pressure
balance. Indeed it seems likely that any realistic model of the
absorption should be complex, including adiabatic cooling,
spatial inhomogeneity and time dependent behaviour e.g. if
the absorber is formed from cold gas clumps driven up from
the disc being photoevaporated and expanding as they are
exposed to the strong X-ray ionizing flux.
In conclusion, hydrostatic disc models cannot produce
the soft excess, and constant density disk models need fine–
tuning as well as requiring the intrinsic continuum to be
suppressed to produce the largest observed soft excesses.
Any real disc structure should be between these two limiting
cases, hence any optically thick reflection origin for the soft
excess seems unlikely. Instead, the ionization instability in
the absorption model does provide a robust mechanism for
the opacity to be dominated by material at ξ ∼ 103, and can
easily produce even the largest soft excesses seen without
having to hide the intrinsic continuum Thus it seems most
likely that the soft excess is from absorption, not reflection.
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